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Voltage-gated proton channels mediate proton extrusion from the cytoplasm of
a wide variety of cells. Hv1, the first and so far only cloned voltage-gated pro-
ton channel, is composed of a voltage-sensing domain, consisting of transmem-
brane segments S1-S4, but lacks the two transmembrane segments that form the
pore domain of the ‘‘classical’’ voltage-gated channels. Hv1 channels associate
as dimers, each subunit containing its own pore. Earlier work showed that the
opening of the two pores occurs in a cooperative manner. As in ‘‘classical’’
voltage-gated channels, the arginine-rich S4 transmembrane helix is the voltage
sensor in Hv1. However, the molecular mechanism of opening is still ill-
defined. Using Voltage Clamp Fluorometry, we are searching for the part of
the protein that undergoes a structural change during the opening transition.
Environmentally-sensitive fluorophores attached at the outer end of S4 report
on protein motions that are as fast as opening, but are dominated by slower sig-
nals that occur at negative voltage where channels do not open. However, sites
elsewhere in the protein nicely track the opening and closing transitions. We
are using this information to reconstruct the opening transition.
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The voltage-gated proton channel, Hv1, is homologous to the voltage-sensing
domain (VSD) of voltage-gated potassium (Kv) channels, but uniquely lacks
a central pore domain (Ramsey et al., Nature 440, 1213, 2006; Sasaki et al.,
Science 312, 589, 2006). In Hv1, which normally dimerizes, but also functions
in its monomeric form, the VSD also contains the proton conduction pathway
(Koch et al., PNAS 105, 9111, 2008; Tombola et al., Neuron 58, 546, 2008). To
understand the proton conduction mechanism in Hv1, we performed prolonged
atomistic molecular dynamics simulations in the 1-ms time scale of different
homologymodels for the transmembrane region of the humanHv1 in a hydrated
lipid bilayer. We characterize the unique structural features of each model and
analyze the hydration of the channel. To begin to elucidate energetics of ion
permeation, we employ quantum mechanics/molecular mechanics (QM/MM)
simulations, to model proton transfer in the channel. This study offers insight
into the structural determinants of proton selectivity as well as the mechanism
of proton transport. This work is supported by grants from the NIH (GM74737,
GM86685 and GM098973).
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The human voltage gated proton channel, hHV1, regulates pH in the respiratory
tract, sperm capacitation, histamine secretion, the phagocyte respiratory burst,
and B lymphocyte signaling. Although only one proton channel gene has been
identified to date in any species, hHV1 is present in B lymphocytes in two
forms, Long and Short. The Long form is the full-length protein, 273 amino
acids. The Short form lacks the first 20 amino acids at the N terminus, and is
the result of translation from an alternative initiation site. We generated plas-
mids that produce Long or Short form channels in heterologous expression sys-
tems, and characterized the channels by patch voltage clamp. Although Long
and Short form channels were generally similar, in perforated-patch studies
the Short form had a more pronounced response to PMA (phorbol ester) stim-
ulation. In leukocytes, hHV1 has two distinct gating modes. Compared with its
properties in resting cells, hHV1 opens faster, closes more slowly, the maxi-
mum conductance, gH,max, increases, and the gH-V relationship shifts nega-
tively by 40 mV during the respiratory burst when NADPH oxidase is
actively producing reactive oxygen species. PMA is a potent and effective ac-
tivator of both NADPH oxidase and the enhanced gating mode of hHV1, by
virtue of its activation of PKC (protein kinase C). Perhaps by selectively ex-
pressing a higher fraction of Long or Short channels, cells can fine-tune their
responsiveness.
Support: NSFMCB-0943362, NIH R01-GM087507 to TD, Bennett Fellowship
from Leukaemia and Lymphoma Research (ref n: 12002) (MC).1420-Pos Board B312
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The voltage gated proton channel, HV1, has four transmembrane segments and
bears a striking resemblance to the voltage-sensing domain (VSD) of other
voltage gated ion channels. One difference is that the human HV1, hHV1, has
only three Arg residues in its S4 helix, Arg205 (R1), Arg208 (R2), and Arg211
(R3). Cys scanning indicates that S4 of hHV1 moves outward during channel
opening (Gonzalez et al, 2010. Nat. Struct. Mol. Biol. 17:51-56). To explore
the extent of this movement, we replaced each Arg individually with His,
and probed accessibility by applying Zn2þ externally or internally. All muta-
tions were carried out in a background lacking the two His residues (H140 &
H193) that are responsible for inhibition of WT channels by Zn2þ (Ramsey
et al., 2006. Nature 440:1213-1216). Both R1 and R2 were accessible to
Zn2þ from the external solution. R3 was not accessible from the external solu-
tion, but was accessible from the internal solution, and surprisingly, remained
accessible in the open state. In contrast with analogous studies of the Shaker K
channel VSD (Starace & Bezanilla, 2004. Nature 427:548-553), none of the
Arg/His mutants was a hyperpolarization-activated proton channel. Molecu-
lar dynamics simulations produced a similar picture of the open hHV1 channel.
At the selectivity filter, Asp112 forms a salt bridge with Arg208. R1 and R3 par-
ticipate in external and internal charge clusters, respectively, that stabilize the
open state. Existing evidence thus suggests that the S4 helix of hHV1 moves
outward during channel opening, qualitatively like S4 in Kþ channels, but
the extent of this movement is substantially less. This difference may reflect
the fact that the conduction pathway in other channels resides in a physically
separate domain (S5-S6), whereas in hHV1 it is within the VSD itself.
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Voltage Sensor Domains (VSDs) regulate ion channels and enzymes by under-
going conformational changes in response to changes in the membrane poten-
tial. Voltage sensitivity relies on the transfer of gating charges located in the
fourth transmembrane helix (S4) across the electric field. The gating charge
transfer has been proposed to be associated with changes in the secondary struc-
ture of the S4 between alpha and 3-10 helix, yet this conformational transition
has not been observed to date. Because such transitions are expected to extend
the distance between the two ends of the S4, we sought to identify changes in
the distance between genetically-encoded spectroscopic probes (a Lanthanide-
Binding-Tag and a fluorescent mCherry) placed at the two ends of the S4 of the
Ciona intestinalis Voltage-Sensitive Phosphatase (Ci-VSP) using LRET. We
previously showed that the length of the S4 of Ci-VSP tagged with LBT and
mCherry does not exhibit long-lived voltage-dependent changes and that it
most likely exists as an alpha helix. We report here that short-lived changes
of the S4 length in this construct could not be detected using time-resolved
FRET, indicating the unlikeliness of transient alpha to 3-10 transitions. Since
the recent x-ray structure of the NavAb, sodium channel from Arcobactor but-
zlen, displays its whole S4 in a 3-10 conformation, we substituted the S4 of
Ci-VSP (from G216 to S236) by the S4 of NavAb (from F95 to Q115). As
for Ci-VSP, our LRET results with this chimera show that the NavAb S4 in
the Ci-VSP frame does not undergo long-lived alpha-3-10 transitions, suggest-
ing that it most likely resides in an alpha conformation. Our results show that in
both constructs, the voltage-sensor operation from resting to active does not re-
quire alpha to 3-10 transitions of the whole S4. Supported by GM030376 and
U54GM087519.
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The actual structure of the ion channel has not been completely clarified. The
structure of the closed state is unknown, and the predicted internal salt bridges
in the open state have been highly debated. Hence the actual mechanism of
transfer and the gating process cannot be determined with certainty. In this
